To determine whether hypothyroidism is associated with autism spectrum disorders (ASD) and how this association is influenced by race-ethnicity, sex, and timing of exposure. METHODS: A retrospective cohort study was conducted using records from 397,201 children who were delivered from 1991 to 2011 and remained health plan members from 1993 to 2014. RESULTS: Children of hypothyroid women had higher ASD rates than children of women without the diagnosis (2.14 vs. 1.62/1,000 person-years; adjusted hazard ratios (adj.HR), 1.31; 95% confidence interval (CI), 1.13-1.53). This occurred in women diagnosed before as well as during pregnancy. Maternal hypothyroidism was associated with ASD for both boys (3.93 vs. 2.62/1,000 person-years; adj.HR, 1.27; 95% CI, 1.07-1.50) and girls (1.10 vs. 0.61/1,000 person-years; adj.HR, 1.51; 95% CI, 1.10-2.08). Of women with a diagnosis of hypothyroidism during pregnancy, normal thyroid-stimulating hormone (TSH) and free thyroxine (fT4) levels were not associated with an increased risk of ASD in children. Compared with white children, prenatal hypothyroidism was associated with an increased risk of ASD in children of Hispanics (adj.HR, 1.09; 95% CI, 1.01-1.17) and women of other/mixed race-ethnicity (adj.HR, 1.08; 95% CI, 1.00-1.16). CONCLUSION: Maternal hypothyroidism is associated with ASD in children in a manner dependent on race-ethnicity. Management of maternal hypothyroidism may ameliorate the risk of ASD.
A utism spectrum disorders (ASD) affect 1 in 68 children, and their prevalence has been increasing over the past 20 years. Prevalence estimates, however, vary greatly within and across gender and racial/ethnic groups (1) . These conditions may have their origins during fetal development, and both genetic and environmental factors are likely to be involved (2, 3) . The specific genes and environmental exposures that increase the risk for ASD, however, have not yet been identified.
Maternal thyroid hormones are required for neurodevelopment. Many genes that have polymorphisms or whose dysfunction has been linked to ASD (e.g., bdnf and reelin) are regulated by triiodothyronine (T 3 ) and thyroxine (T 4 ) (4). Administration of propylthiouracil, a drug that induces hypothyroidism, in a pregnancy animal model resulted in changes in locomotor activity and learning in the pups that are consistent with ASD (5) . Clinical studies also suggest that thyroid dysfunction may increase the risk of ASD. Although thyroid hormone concentrations in infants at the time of birth were associated with an increased risk of ASD in some studies (6, 7) and in certain subgroups but not others (8) , maternal concentrations of thyroid-stimulating hormone (TSH) at mid-pregnancy were inversely correlated with risk of ASD in children (9) . Maternal autoantibodies to thyroid peroxidase were associated with an increased risk of ASD (10) , and a family history of thyroid autoimmune diseases is more prevalent in autistic children (11) . European studies have also suggested that hypothyroidism during pregnancy increases the risk of ASD (12, 13) . However, to our knowledge, no studies have assessed the relationship between maternal hypothyroidism and the risk of ASD in children in the United States where there are wide racial/ethnic disparities. Therefore, we used electronic medical records (EMRs) from the Kaiser Permanente Southern California (KPSC) system to evaluate whether maternal hypothyroidism is associated with increased risk of ASD in children and whether this risk is modified by race-ethnicity, fetal sex, and timing of exposure.
METHODS
This study, approved by the KPSC Institutional Review Board, employed a retrospective cohort approach to examine the association between maternal hypothyroidism and ASD in the singleton, liveborn children.
Subjects
We used perinatal service, maternal and child inpatient and outpatient medical care, and laboratory and pharmacy records. Information extracted from the patient's EMRs included maternal medical and obstetrical conditions and procedures, fetal and neonatal outcomes, maternal sociodemographic and behavioral characteristics, parental race/ethnicity, and the child's age, sex, and medical history. The reliability and validity of these data sources have been previously published (14, 15) . Parental demographic and maternal health records were linked to child records using medical record numbers unique for each pregnancy. The study population was drawn from a total of 594,638 births. To be eligible, children must have been born to KPSC members in KPSC hospitals between 1 January 1991 and 31 December 2011, be a singleton birth with a gestational age of 28 0/7 through 42 6/7 weeks, and be a KPSC health plan member for ≥ 3 months between 2 and 17 years of age during the years 1993-2014. Multiple gestation pregnancies were excluded as higher human chorionic gonadotropin concentrations in multiple gestations known to suppress the TSH level. Births at o28 0/7 weeks were excluded because of their high incidence of morbidity and mortality. A total of 397,201 children were eligible for inclusion ( Figure 1 ).
Exposure and Outcome Measures
Definition of the exposure to hypothyroidism was based on the International Classification of Diseases, Ninth Revision, code 244.x, and medication was prescribed to treat the condition. Blood levels of TSH (490.4 pmol/ml) and free thyroxine (fT 4 , o10.45 pmol/ml) obtained from women with a clinical diagnosis of hypothyroidism (99.4% of women with the diagnosis) were used to determine how biochemical hypothyroidism may affect the risk of ASD diagnosis. In this study, data on prepregnancy hypothyroidism were obtained from women who had uninterrupted medical and pharmacy coverage for at least a 3-month period before pregnancy. Gestational hypothyroidism is defined as hypothyroidism with onset or first diagnosis during pregnancy in women without a prior history of the condition and used as a surrogate marker of the timing of initial in utero exposure. Currently, the American College of Obstetricians and Gynecologists is against routine prenatal thyroid testing but advocates testing only in at-risk women, symptomatic women, or those with personal history of thyroid disease or other related medical conditions (16) . Therefore, in this study, women without the clinical diagnosis of hypothyroidism formed the comparison group.
The outcome variable was physician-diagnosed ASD in children between 2 and 17 years. In the KPSC system, the clinical diagnosis of ASD was largely based on definitive diagnosis by a child/adolescent psychiatrist, developmental/behavioral pediatrician, child psychologist, or neurologist who adhered to a standard protocol (Autism Diagnostic Observation Schedule) (17) . Therefore, these diagnoses are assumed to be accurate because they were made based on goldstandard diagnostic measures. In a preliminary analysis for a related project, 96% of ADHD children were diagnosed by specialists trained to diagnose and treat the condition (18) . ASD diagnoses were made in contracting hospitals or unrecognizable health-care centers only in a small minority of children, and the validity of their diagnoses was assessed through medical record review by clinical experts and suggested to use at least two ASD diagnoses (19) . The Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) codes for any of the following conditions: autistic disorder, childhood disintegrative disorder, Rett's disorder, Asperger's disorder, or pervasive developmental disorder-not otherwise specified were used to ascertain ASD cases. Children with at least one documented DSM-IV code for ASD on any two separate visits during the followup period formed the ASD cases.
Potential confounders and effect modifiers extracted from the EMRs included maternal characteristics at the time of pregnancy (age (grouped as o20, 20-29, 30-34, and ≥ 35 years), education (o12, 12, and ≥ 13 years of completed schooling), median family household income based on the 2010 US census tract of residence (o$29,999, $30,000-$49,000, $50,000-$69,999, $70,000-$89,999, and ≥ $90,000), parity, timing of prenatal care initiation (early or first trimester vs. later/no prenatal care or second trimester), clinically estimated gestational age, and smoking habits (yes or no)), year of diagnosis, and child's sex (male or female). Information on child race/ethnicity was based on maternal and paternal race/ ethnicity recorded in the EMRs and grouped as non-Hispanic white (White) if a child was born to non-Hispanic white mother and father. The same applies to non-Hispanic black (Black), Hispanic, and Asian/Pacific Islander race/ethnicity. The Other/Mixed (other) Gestational age < 28 and > 42 weeks n = 2,060
Children who were not enrolled in the KPSC system or left the system before 2 years of age n = 58,854
No continuous enrollment for at least 90 days between 2 and 17 years n = 38,362 
Data Analyses
The distribution of maternal and child characteristics based on ASD status was compared using χ 2 -tests. Cumulative incidence rates were estimated by dividing the number of ASD cases by the person-years of follow-up. Because hypothyroidism that may recur between pregnancies and ASD also tends to recur in siblings, such clustered observations are likely to be correlated. Therefore, we used Marginal Cox proportional hazards model that accounts for within-cluster correlation to estimate crude and adjusted hazard ratios (adj.HR) (20) of the association between prenatal exposure to hypothyroidism and ASD risk. This approach used sandwich estimate for the covariance matrix to adjust for correlated observations. The outcome variable was "time-to-event," with the "event" being a diagnosis of ASD, and "event-time" being the time between child's delivery and the date of first diagnosis for children with ASD or the last date of visit for children without ASD. This approach would appropriately account for varying follow-up times of cohort members. The HR is estimating the risk of developing ASD in the exposed children as compared with the risk in the unexposed children of the same age. Confounding variables were chosen a priori or if they resulted in a P valueo0.05 for differences between each potential confounding factor and ASD status of participating children.
As there is sex and racial/ethnic disparities in the prevalence of ASD and risks differ by gestational age at birth (21) , and that the level of TSH among black women is much lower than that among their white counterparts (22), we repeated the analysis and adj.HRs were derived to assess the relationship between prenatal exposure to hypothyroidism and ASD risk for each sex (boys and girls), race/ ethnicity, and preterm and term birth categories. Departure from the proportionality assumption in these models was checked graphically. Furthermore, disparities in the association between prenatal exposure to hypothyroidism and ASD risk across sex (girls as reference) and race/ethnicity (white as a reference) groups were compared. Diagnosing ASD in children with accompanying developmental and emotional disorders (mental retardation, developmental dyslexia, deficits in language processing, conduct disorder, irritability, depressed mood, and bipolar/anxiety disorders), and congenital anomalies is challenging. Therefore, we performed a sensitivity analysis excluding all children with these conditions to assess its impact on our findings. Finally, because children aged 2-3 years may have a shorter follow-up period to capture enough events and as such may potentially have affected our risk estimates, we performed a sensitivity analysis after limiting the cohort to children aged ≥ 4 years. In all analyses, children of women without the clinical diagnosis of hypothyroidism served as the reference group. HR with 95% confidence interval (CI) were used to quantify the magnitude of associations. All analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC).
RESULTS
During the study period, the prevalence of chronic hypothyroidism was 2.2% and the incidence of hypothyroidism first diagnosed during pregnancy was 2.4/1,000 person-years. The mean age at first diagnosis of ASD was~5.1 years (SD = 3.4). The median follow-up times and its interquartile ranges (IQR) for children with and without exposure to hypothyroidism were 3 (IQR = 2, 17) and 4 (IQR = 2, 17) years, respectively. There were significant differences between women whose children developed ASD (n = 6,475) with those who did not (n = 390,726), Table 2 ). Because findings on trimester-specific associations were based on a small sample, caution must be taken when interpreting these results. Sensitivity analyses after (i) limiting the cohort to children aged 4-17 years and (ii) excluding children with a history of accompanying developmental or emotional disorders or congenital anomalies did not produce any significant changes in the magnitude and direction of the associations.
Autism diagnoses occurred at younger ages for children born to mothers with hypothyroidism diagnosis than those born to mothers without the diagnosis (Figure 2a) . This trend persisted when data were further stratified by pre-vs. withinpregnancy diagnosis and child sex (Figure 2b) . When the analysis was stratified by the levels of TSH and fT 4 , more children of women with the diagnosis and abnormal levels of hormone (TSH 490.4 pmol/ml (adj. HR, 1.55; 95% CI, 1.11-2.15] or fT 4 o10.45 pmol/ml (adj.HR, 1.78; 95% CI, 1.26-2.50)) went on to develop ASD when compared to children of women without the diagnosis (Figure 3a,b) . However, children born to women with a pre-pregnancy diagnosis of hypothyroidism tended to be at greater risk of ASD even if the TSH and fT 4 levels were normal. Incidence rates for ASD were also 1.4-2-fold higher in women with hypothyroidism diagnosis, regardless of hormone values (Figure 3c,d) . High TSH or low T 4 levels resulted in the highest HRs for both boys and girls when they occurred during pregnancy (data not shown).
In a predefined category of gestational age, maternal hypothyroidism was not significantly associated with ASD in children born at 28-36 weeks (HR, 1.22; 95% CI, 0.77-1.94). The association between maternal hypothyroidism and ASD in term (37-42 weeks) births, however, was similar to that of the overall analysis (adj.HR, 1.32; 95% CI, 1.13-1.55; Table 3 ). Nonetheless, tests for interaction between hypothyroidism and preterm and term birth status with ASD risk did not reach statistical significance (P value = 0.69).
ASD occurred approximately four times as often in boys as in girls. In the crude analysis, hypothyroidism was a slightly stronger risk factor for ASD for girls than it was for boys (HR, 1.72; 95% CI, 1.25-2.37 vs. HR, 1.41; 95% CI, 1.19-1.67), but attenuated with adjustment (HR, 1.51; 95% CI, 1.10-2.08 vs. HR, 1.27; 95% CI, 1.07-1.50; Table 3 ). However, tests for interaction between hypothyroidism status and child's sex with ASD risk did not reach statistical significance (P value = 0.30). For boys, maternal hypothyroidism increased the risk of ASD to an equivalent degree when diagnosed before, or during, pregnancy. Most of these associations, however, became nonsignificant after adjustment for covariates (Table 3) . Girls, however, were at greater risk of ASD when maternal hypothyroidism was diagnosed prepregnancy as opposed to during pregnancy. Boys born to mothers diagnosed with hypothyroidism before or during pregnancy were diagnosed with ASD at younger ages than those born to women without the diagnosis (Figure 2b) .
When we repeat the analysis separately for each race/ethnic group (Table 4) , the association between maternal hypothyroidism and ASD was significant in Asian/Pacific Islanders (adj.HR, 1.68; 95% CI, 1.08-2.60) and Other/ Multiple race ethnicities (adj.HR, 1.46; 95% CI, 1.09-1.96) but not in Whites (adj. HR, 1.28; 95% CI, 0.97-1.67), Table 2 . Association between in utero exposure to hypothyroidism and ASD in offspring at age 2-17 yearsASD, autism spectrum disorder. In examining disparities across race/ethnicity groups, no significant interaction between race/ethnicity with hypothyroidism on ASD risk was detected (P value = 0.72).
DISCUSSION
Although the association between hypothyroidism and ASD has been proposed, most previous studies have used neonatal samples that poorly reflect in utero exposure. Therefore, results are varied depending on which subgroup has been analyzed (7). We found that maternal hypothyroidism may increase the risk of ASD in a manner that is dependent on timing of diagnosis (before vs. within-pregnancy diagnosis) and race-ethnicity. Our findings are consistent with studies from Denmark (12) and the Netherlands (23) but with notable differences. Roman et al. (13) found that severe hypothyroidism (fT 4 o10.99 pmol/ml) in the first trimester of pregnancy resulted in a 4-fold increase in the child testing positive on screening instruments for autism (Social Responsiveness Scale and the Pervasive Developmental Problems subscale scores of the Child Behavior Checklist for Toddlers in the 95th and 98th percentile). However, we only found that maternal hypothyroidism in pregnancy is associated with an increased risk of ASD by~30% when adjusted for covariates, a much weaker association. There are several key differences between our studies that may account for these differences. First, Roman et al. may have sampled from a patient population with greater rates of hypothyroidism in pregnancy. Approximately 3.5% of the patients in their sample were diagnosed as being hypothyroid because of severe hypothyroxinemia (13) but only 2.1% of our patients were classified as hypothyroid. Hypothyroidism is frequently underdiagnosed in pregnancy (23) and may have been in our study too. The data reported by Roman et al. were a part of a larger population cohort study (Generation R) in which T 4 levels were quantified in batches of archived samples and subjects with hypothyroidism may have been untreated accounting for a greater risk. When we stratified hypothyroid women based on TSH and fT 4 levels, we found that children of hypothyroid women with hypothroxinemia (TSH 490.4 pmol/ml or fT 4 o10.45 pmol/ml) were at a greater risk of developing ASD similar to their findings. Our findings that women with a prepregnancy hypothyroidism diagnosis but normal TSH and fT 4 levels suggest that, even when controlled, maternal hypothyroidism may remain a risk factor for ASD in children. Although there was an elevated risk of autism in children of women diagnosed with hypothyroidism Table 3 . Association between in utero exposure to hypothyroidism and ASD by gestational age, child sex, and timing of first diagnosis a ASD, autism spectrum disorder. By using confirmed clinical diagnoses from EMRs, we found that 1.6% of our population had ASD. This closely matches the most recent estimates by the CDC of 1/68 (1.5%) (1) and is lower than the 2% rate that Roman et al. identified as being probable autistics based on the Social Responsiveness Scale and Pervasive Developmental Problems scores (13) . The findings reported in a population-based study of medical records in Denmark were closer to ours in terms of ASD rates, maternal hypothyroidism, and the adj.HRs for maternal hypothyroidism to increase the risk of ASD diagnosis (12) . Neither of the previous studies examined how risk of ASD may vary with the timing of diagnosis of hypothyroidism and how results could vary with sex or race-ethnicity.
ASD was diagnosed about four times as often in boys than in girls in our cohort and is consistent with the general US trend. Several mechanisms have been proposed for the sex difference in the autism rate that include under-/misdiagnosis, better adaptation, or hormonal factors in girls that reduce their susceptibility to the condition (24, 25) . Both boys and girls were at an increased risk when hypothyroidism was diagnosed pre-pregnancy but the HR was slightly higher for girls than it was for boys (girls did have a lower incidence overall, however). The incidence rate for boys was relatively consistent, regardless of when maternal hypothyroidism was diagnosed, at 3.7-4.1 cases/1,000 person-years. However, for girls, the highest incidence rate for ASD occurred when maternal hypothyroidism was diagnosed before pregnancy (1.1 events/1,000 person-years). Sex differences in neurodevelopment are well documented and anatomical differences have been noted in regions such as the amygdala, cerebellum, corpus callosum, and hippocampus that have been implicated in the development of ASD (26, 27) . Recent studies with diffusion tensor imaging also demonstrated sex differences in terms of connectivity between different regions of the brain (28) . The molecular mechanisms behind these differences in neuronal anatomy and interconnectivity are poorly understood but could be reflective of genes regulated by thyroid hormones.
Hypothyroidism may be the result of a number of conditions such as inflammatory disease, autoimmune disorders, or iodine deficiencies. The bulk of our hypothyroid patients are so because of autoimmune thyroiditis or iatrogenic ablation. Thyroid hormones may also be altered by air pollution, pesticides, and persistent organic pollutants (29) . Exposure to perchlorate salts may also introduce hypothyroidism by inhibiting uptake of iodine to disrupt neurodevelopment (30) . Maternal residence near road ways (31), regions with high fine particulate matter (PM 2.5 ) pollution (32) , and agricultural pesticides (33) have been suggested to increase the risk of ASD in children. Other (35) . Reduced Purkinje cell size is a neuroanatomical feature of autism (36) . PBDEs may be especially relevant to our patient population because Californian women likely have the highest PBDE exposures in the world (37) . PBDEs increase the risk of preterm birth (38) and intrauterine growth restriction (39) , and pregnancy outcomes whose risk is increased by maternal hypothyroidism. Although formal testing for interactions between hypothyroidism and sex (male and female (P = 0.30)), gestational age (preterm and term birth (P = 0.69)), and race/ethnicity categories (P = 0.72) did not reach statistical significance, our predefined stratified analyses showed that the risk associated with hypothyroidism may differ across these categories, suggesting the need for further investigation. It is known that testing for interactions requires a lot more sample size than testing for the main effects.
Strengths of our study include the use of a large sample from a multiethnic population with high rates of follow-up over a 17-year period and detailed patient records. According to the KPSC guidelines (revised in April 2013) (40) , the diagnosis and treatment of ASD in young children are suggested to be made by health-care professionals with expertise to diagnose and treat the condition. The healthcare professionals perform behavioral and developmental surveillance at all well-child check-up visits (as early as 4 months) followed by specific screening instruments when there is suspicion of developmental delay (beginning at 18 months). Routine screening for thyroid disorders and the stringent criteria used by KPSC in diagnosis and treatment of ASD minimize risks of patient misclassification. Because of the prospective nature of data collection, our findings are resistant to sampling and recall biases.
Our study is not without limitations, however. We were unable to distinguish subclinical from overt hypothyroidism in our cohort and its impact on ASD risk since patients was not screened for it which is in line with current American Congress of Obstetrician and Gynecologist recommendations (41) . Lack of data from screening instruments such as the Social Responsiveness Scale score makes it difficult to comment on the severity of or types of autistic traits in diagnosed children. However, younger ages of ASD diagnosis in children of hypothyroid mothers suggest that hypothyroidism may enhance the severity as well as the rate of ASD. One potential source of bias is diagnostic suspicion (exposure suspicion) bias that occurs when exposed and unexposed patients differ in measurement (both the intensity and diagnostic process) of health outcome statuses. Another potential limitation of the study is that we did not control for perinatal exposure to environmental toxins as this information was not available in the medical records.
In summary, we found that maternal hypothyroidism is associated with an increased risk of ASD in children in a manner dependent upon race-ethnicity. Management of maternal hypothyroidism may ameliorate the risk of this increasingly common neurodevelopmental disorder.
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